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Abstract
The rise of micro- and nano-technologies has brought to light intriguing examples
of scale-driven performance in a diverse array of fields. The quest to create highly
hydrophobic surfaces is one such field. The application of this new generation of
hydrophobic surfaces, however, has not received much research attention in comparison
to the development of new methods to create surfaces. The one application of super
hydrophobic surfaces that has received significant attention is their ability to resist
fouling by dirt and other contaminants. Much of the attention paid to this application is
due to the discovery that the Lotus flower and several other plants use nano-structure to
keep themselves clean, a property that has an important place in the world of biomedical
engineering.
Any biomedical device that is implanted in the body has to avoid the body's
natural defense system, which can quickly cause device failure. One of these natural
defenses specific to blood is the clotting reaction. Any surface, implanted or external,
that comes into contact with blood is considered an intruder, and the blood seeks to
isolate the object by clotting on the foreign surface. The clotting process involves the
identification of a foreign surface, the adsorption of proteins onto that surface, and then
the agglomeration of platelets on the proteins to form a clot.
Much like the surface tension forces that make structured super hydrophobic
surfaces possible, the clotting reactions are surface driven. This research seeks to show
that the surface area reduction that results in super hydrophobic surfaces can be used to
prevent blood coagulation on artificial surfaces. It is shown that appropriate surface
structure, slender posts with a larger period relative to their width, can lead to extremely
high apparent contact angles (*=160'). Additionally, it is shown that the same surfaces
scientifically reduce platelet agglomeration in vitro under static blood. In dynamic flow
conditions, bacteria are shown to adhere less frequently to similarly structured surfaces
with smaller critical dimensions. Computational fluid simulations are used to examine
the flow conditions near the structured surfaces that lead to the non-fouling behavior
exhibited experimentally. A combination of increased flow velocity near the surface,
reduced shear rate in the flow, and the size of the structures relative to the fouling agent
(platelet or bacteria) in conjunction with the contact area benefits illustrated in the static
case are hypothesized to lead to reduced fouling in dynamic flow.
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Title: Ralph E & Eloise F Cross Professor of Mechanical Engineering
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Chapter 1: Introduction
From the earliest days of biomedical devices, preventing adverse reactions with
the human body has been one of the main design challenges. This challenge, to deliver
so-called biocompatibility, still drives device design today and a complete solution has
yet to be developed. Knowledge of how the body functions is continually advancing as is
the ability to replicate those functions with artificial devices. Consequently, the ability of
a device to avoid adverse reactions with the body has become the limiting factor in the
implementation of many cutting edge devices. A device that is not sufficiently
biocompatible may not be able to function at all in the body, even if laboratory tests show
that it is capable of meeting its stated goal. If the device is slightly biocompatible, it will
be able to function, but only for a limited period of time before it needs to be replaced,
removed, or cleaned. For implantable devices that require risky surgery to install or
service, a short device lifetime makes the overall risk of treatment far too great for all but
the most desperate cases.
One major aspect of a device or material's biocompatibility is its ability to resist
blood clotting. This is a sub-category of biocompatibility known as hemocompatibility.
It is fairly obvious that implantable device should be hemocompatible, but they are not
the only ones that require hemocompatibility. External devices that process blood all
must also avoid the formation of clots to function effectively. Blood clots can decrease
efficiency, increase required cleaning, cause device failure, or break off and get lodged in
the patients arteries leading to more serious health problems.
Because the consequences of clot formation can be so severe, patients are often
required to take blood thinners when they receive implantable devices or when they are
connected to external blood-handling equipment. These blood thinners usually perform
their duty of eliminating clotting problems, but they also introduce additional dangers.
Blood thinners make it difficult for blood to clot anywhere in the body, even where
clotting is required. Consequently, patients on blood thinners are prone to bruising, their
cut and scrapes don't heal quickly making them susceptible to infection, and they have a
greatly increased risk of internal bleeding that has potentially serious consequences.
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Not surprisingly, a large amount of effort has gone into creating materials that
interact favorably with the body. Early on, these materials were predominantly found by
experimentation whether intentional or not. For instance, the first material used
successfully for intraocular lenses, poly (methyl methacrylate) (PMMA), was discovered
when studies of Spitfire fighter pilots who had shards of the canopy plastic
"unintentionally implanted in their eyes" showed that the pilots eyes healed without an
ongoing reaction to the material [1]. As knowledge of the human body increased,
biocompatibility and hemocompatibility began to be designed into materials, rather than
discovered, yielding substantial performance gains. However, a total solution has not
been found, and this field is still active with research today. However, most of the
research aimed at improving hemocompatibility has focused solely on the biochemical
drivers of blood clotting.
From the simplest perspective, it seems as if the problem of hemocompatibility is
essentially a problem of keeping a surface clean. As such, it seems that methods used
elsewhere to prevent surface fouling could be applied in conjunction with biochemical
clotting deterrents to further improve hemocompatibility. One such method that has not
been investigated in the context of hemocompatibility is to apply a microscopic structure
to the surface. Appropriate microscopic surface structure can alter wetting conditions
such that contaminants cannot stick effectively and are easily washed away with fluid.
This method has been recently popularized by the lotus flower [2,3], which, uses nano-
scale surface bumps to encourage water to bead up, roll off, and take most surface
contaminant with it. The fluid behavior exhibited by the lotus leaf, now called super
hydrophobic behavior, was described and investigated as early as the 1930s, yet the use
of this fluid behavior to prevent fouling has only recently come into prominence. The
purpose of this work is to investigate the application of super hydrophobic surfaces and
their anti-fouling characteristics to the problem of hemocompatibility.
The background section provides a summary of how surface structure leads to
super hydrophobic behavior. It enumerates some of the details of the biocompatibility
problems, and summarizes some of the work already done in the field of super
hydrophobic surfaces. The theory section develops a conceptual design for the
application of super hydrophobic surfaces to biomedical devices using Axiomatic Design
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theory [41. The materials and methods section details the execution of that design and the
tests, experiments, and tools used to investigate and produce surfaces. The results section
describes and interprets the outcomes of the key experiments described in the materials
and methods section. The conclusion section positions the results from this work with
respect to previous accomplishments in the field and describes what remains to be done
before the use of structured surfaces can be implemented in biomedical devices to reduce
blood coagulation.
I 1
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Chapter 2: Background
Capillary Theory
To the uninformed observer, surfaces may seem so insignificant that they are
barely worthy of consideration. After all they have no thickness, so how much can the
affect the world around them? As it turns out, surfaces can have very significant effects
on their surroundings. J.W. Gibbs, one of the pioneers in thermodynamics, extended the
theory of bulk thermodynamics to account for surfaces between phases or materials [5].
He realized that surfaces are not precise, infinitesimally thin objects dividing two phases
or materials. Instead, surfaces are made up of smooth transitions from a 100%
concentration one material or phase to a 100% concentration of a second material or
phase. Since the region of variation from one section to another is very small in
comparison to the size of the bulk phases, a system can be approximated by assuming the
conditions in the bulk of A and B are constant up to the dividing surface where there is a
discontinuous jump in thermodynamic properties. The deviation from the actual system
properties (such as internal energy) caused by this approximation is then lumped into a
contribution due to the surface itself. This results in defining the surface tension of a
given interface, y, as
dU(A)(1
y = , (1)dA
where U(A) is the free energy of the surface, A is the area of the surface, and the entropy,
composition, and curvature of the surface are held constant. The surface tension, y, is the
surface analog of bulk pressure in the generalized thermodynamics. The work required to
change the area of the surface is therefore ydA, where dA is an incremental change in
surface area. In general, surface tension is a property of the two materials or phases that
the surface separates, and the symbol is subscripted to denote the two phases or materials
in contact.
For the purposes of this work, we will be concerned predominantly with the
mechanical equilibrium conditions of a liquid drop in contact with a solid surface that
result from surface tension. The first of these equilibrium conditions is the Laplace
Equation 161 of capillarity
13
AP = Ys t + , (2)
vR, R2
where y,, is the liquid-vapor surface tension, R, and R2 are the principal radii of curvature
of the liquid-vapor interface and AP is the
change in pressure across the interface. The
Laplace equation describes the equilibrium
pressure drop observed across an interface
between a fluid and its vapor. If the interface
is flat, then R, and K 2 are b'oth infinite and the
pressure drop becomes zero. The second Solid
equilibrium condition is Young's Equation [6] Figure 1: Sessile drop diagram.
that describes the equilibrium conditions near
the intersection of a liquid, its vapor, and a solid surface (Figure 1). Young's equation is
typically stated as
yi cos 0 = Y, - y , (3)
where yj, y,, and y,, are the liquid-vapor, solid-vapor, and solid-liquid surface energies
respectively and 0 is the contact angle measured from the solid-liquid interface to the
liquid-vapor interface. Young's equation can be found by performing a force balance at
the point of contact with each of the surface tensions acting away from the contact point
and tangent their associated surfaces.
The contact angle between a fluid and a flat surface can be used to measure the
relative affinity between a fluid and the material on which it rests. A small contact angle
(less than 900) means that the fluid prefers to be in contact with the solid rather than with
its vapor. This case is referred to as the wetting case or, if the fluid is water, as the
hydrophilic case. A large contact angle (greater than 90') means that the fluid prefers to
be in contact with its vapor rather than with the solid. This case is referred to as the non-
wetting case or, if the fluid is water, as the hydrophobic case.
Capillary phenomena are ignored completely in most fluid dynamics problems,
even though there are plenty of examples in which capillary effects drive system
behavior. In order to effectively analyze a problem it is crucial to determine if it is
indeed a reasonable assumption to neglect capillary forces in order to simplify a problem.
14
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In order to evaluate this assumption we must compare the magnitude of capillary forces
to those of typical forces encountered in fluid mechanics, such as body forces and surface
forces. Body forces, such as gravity, scale with volume, or the length cubed, of a fluid
whereas surface tension scales with the length of a contact line. Consequently, at large
length scales surface forces can usually be neglected without significant error. However,
as the length scale of a system decreases the surface forces play a significant role in
system behavior. The Bond number is a dimensionless number used to determine if
gravity or surface tension dominates a fluid's behavior. The Bond number is defined as
Bo = p-g- 2
where R is a characteristic radius of curvature or length in the system. When the Bond
number is much greater than unity, gravitational forces dominate; when it is much less
than unity, surface forces dominate. The capillary length approximates the length scale at
which the transition from a gravity driven system to capillary force driven systems
occurs. It is defined as the length at which the Bond number becomes unity. Water, for
example, has a capillary length of approximately 2.71 mm. When a system's length scale
is significantly below the capillary length, gravitational forces can reasonably be
neglected and only capillary forces are considered. For water, this gravity-independent
behavior occurs in the high micron range and becomes more and more pronounced as the
length scale is further decreased.
Rough Wetting Theory
Like many tractable mathematic a) b)
representations of fluid behavior,
Young's equation is only valid for the
ideal case of a solid surface that is
smooth, rigid, homogeneous, and
isotropic. These requirements are rarely Figure 2: (a) Complete Wetting, (b)
met by real surfaces. Several researchers Composite Wetting.
have investigated the effect that surface roughness and non-homogeneity have on the
observed contact angle. Robert Wenzel developed a theory for rough surfaces based on
the assumption that a fluid in contact with a rough surface completely wets the grooves in
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the surface (Figure 2a) 17,8]. As a result, the actual area of the solid liquid interface is
greater than the apparent contact area-the actual contact area projected on the plane of
the macroscopic surface. He defined a parameter called roughness ratio, r, which is the
actual contact area between the fluid and the solid divided by the apparent contact area.
The roughness ratio, r, takes values greater than unity. Consequently, a small increase in
the apparent contact area, dA, leads to an increase in actual solid-liquid interfacial area of
rdA and an equal decrease in actual solid-vapor interfacial area. This makes the change
in surface free energy of the solid r-times greater than the perfectly smooth case.
Consequently, Young's equation becomes
cos0* - r(Ysv - YsL) = rcos0, (5)
YLV
where 0* is the apparent contact angle. It is clear that an increase in roughness will
increase 0* for 0> 900 and will decrease 0* for 0< 900. It is impossible for the apparent
contact angle to be greater than 1800 (cos 0* = -1) or less than 00 (cos 0* = 1), which can
occur according to this equation if r becomes sufficiently large. Wenzel does not address
this scenario. It is clear, however, that as the apparent contact angle approaches 180 the
contact area between the fluid and the solid becomes small; this eventually violates one
of the assumptions of Wenzel's theory; the contact area is large compared with the
surface features. Consequently, cos 0* most likely approaches ±1 asymptotically or
reaches a theoretical limit, though this case has not been investigated.
Cassie and Baxter used a similar formulation to investigate the effect that
heterogeneous surfaces have on apparent contact angle [9]. They modeled a
heterogeneous surface as being composed of two materials, one with an equilibrium
contact angle of 01, and one with an equilibrium contact angle of 02. The area fraction of
the surface with 0=0, is defined to be #1 and the area fraction with 0=02 is defined to be
02, where #1+#2=1. Substituting 0, and 02 into Young's Equation, we see that a small
increase in wetted area, dA, leads to a change in surface free energy of the solid equal to
01y1 cos0 1 + 0 2 Y 1, cos0 2 . The equation for the apparent contact angle on the
heterogeneous surface then becomes cos 0* = 1 cos 01 + 02 cos 02, this is the Cassie-Baxter
equation for heterogeneous surfaces.
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This can be adapted to rough surfaces if we assume that the fluid does not wet the
valleys of the surface, but only sits on top of the peaks. Referred to herein as the
composite wetting case (Figure 2b). In this case, 0, is defined to be the area fraction of
the surface that is wetted, i.e. the area of the peaks in contact with the water divided by
the total apparent contact area. Setting 02 to be 1800 (the 'contact angle' of water with its
vapor), #, to be 0, and #2 to be 1-0, it is found that
cos0* = ,(cos0+ 1) -1. (6)
This is the Cassie-Baxter Equation for wetting of a rough surface. Under this
formulation, the apparent contact angle increases for 0>90*, but when 0<90' the
composite wetting assumption cannot hold because capillary forces will force the fluid
into the valleys rather than keeping it on top of the peaks.
In both rough wetting theories, the apparent contact angle is determined by two
parameters, one geometric parameter (O, or r) and one material parameter-the contact
angle, 0. In the Wenzel case, the apparent contact angle is very sensitive to the material
contact angle, and as the roughness ratio, r, increases, so does the sensitivity to material
contact angle. Consequently, a very large roughness ratio is required in order to get a
large apparent contact angle when the material's contact angle is slightly larger than 90',
but as the material contact angle increases, the required roughness ratio becomes more
achievable (Figure 3). In the Cassie-Baxter theory, the apparent contact angle is fairly
insensitive to material contact angle over the range of area fraction, 0,. Additionally, the
apparent contact angle becomes less and less sensitive to material contact angle as the
area fraction, 0, approaches zero (Figure 4). Consequently, the geometric parameter (0,)
in the Cassie-Baxter theory has more control over the apparent contact angle independent
of the original contact angle. This means that the acceptable range of material contact
angles at a given area fraction, 0, is large, allowing for more material flexibility to
achieve a given apparent contact angle. It also makes the system insensitive to changes in
material contact angle due to imperfections and contamination.
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In addition to changing the apparent contact angle, surface roughness changes the
ease with which a drop can be removed from a given surface. The energy required to
remove a drop is determined by the energy needed to create surfaces between the drop
and the solid and is proportional the contact area between the drop and the solid. In the
case of an ideal flat surface, the energy required to remove a drop from a surface is
uniquely determined by the contact angle: the larger the angle, the easier the drop is to
remove. Adding surface roughness changes the actual contact area between a drop and a
solid, so the energy required to remove the drop also changes. The relationship between
apparent contact angle and energy required to remove a drop is no longer true for rough
surfaces where the type of wetting, complete or composite, again drives the difference in
drop behavior.
In the complete wetting case, removing the fluid from the surface requires the
creation of r-times more surface area than in the smooth case with the same apparent
contact area, and therefore requires r-times more energy to create. In the Cassie-Baxter
case, removing the fluid from the surface requires the creation O,-times the surface area in
the smooth case with the same apparent contact area, and therefore requires 4,-times the
energy to create. Since r is always greater than unity and /, is always less than unity, it is
clear that removing fluid from a Wenzel rough surface requires more energy than
removing fluid from either a flat surface or a Cassie-Baxter rough surface, which requires
the least energy to remove a fluid drop, given the same apparent contact areas.
Furthermore, in the Wenzel case, an increase in roughness ratio, r, increases the apparent
contact angle, but also increases the energy required to remove a drop from the surface.
Consequently, increasing the apparent contact angle, which is otherwise considered a
performance improvement for this research, actually degrades the ability to remove a
drop from the surfaces. This goes against the trend found in the flat surface case where
an increase in apparent contact angle corresponds to a decrease in the amount of energy
required to remove the drop. In the Cassie-Baxter case, a decrease in 0, leads to an
increase in apparent contact angle as well as a decrease is energy required to remove the
drop. This means that an increase in apparent contact angle does not come at the expense
of being able to remove a drop from the surface easily.
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Su per h dro hobic Surfaces
Research seeking to develop hydrophobic materials has been pursued for the
better part of a century. Early uses for hydrophobic materials were dominated by the
desire to create waterproof coatings. As time passed, more potential uses for
hydrophobic materials were presented. The results of much of this work have been
integrated into our daily lives. Teflon is one of the best-known materials developed to be
hydrophobic and it has found uses everywhere from non-stick pans to high-quality rain
gear. It has been the most successful hydrophobic material, but many other hydrophobic
materials and coatings have been developed. These materials have been successful even
though they offer contact angles up to only 110'. Although they have been very
successful in a wide array of applications, they are only 20' into the hydrophobic realm.
If increasing hydrophobicity yields comparable performance increases, then materials
with extremely high contact angles may offer more revolutionary applications. As such,
an extensive body of research has developed in the field of creating so called super
hydrophobic surfaces. Several groups have had success in creating surfaces by a variety
of methods. This section presents an overview, not necessarily exhaustive, of what has
been accomplished in this field.
The development of materials with extremely high solid-liquid surface energies
that increase flat-surface contact angles chemically, such as Teflon, seems to have
reached a point where it is difficult to increase the contact angle of water any further.
Consequently, many researchers have turned to the work of Wenzel, Cassie, and Baxter
to drive super hydrophobic behavior using surface geometry in addition to surface
chemistry.
A group at the Kao Corporation created super hydrophobic surfaces in 1996 using
a fractal structure [10]. They created surfaces by solidifying mixtures of Alkylketene
dimer (AKD) and dialkylketone (DAK). Controlling the ratio of AKD and DAK controls
the fractal geometry and therefore the wetting behavior. After three days of curing the
fractal surfaces reached their maximum apparent contact angle of 1740.
Another research group created highly ordered structures in 1999 using a
combination of photolithography, sol-gel molding, and a hydrophobic surface coating
1111. The structure that yielded the largest contact angles was a rectangular array of one-
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micron posts and its contact angle was 1700. The data from this study fit the predictions
of the Cassie-Baxter theory predictions. Additionally, applying additional pressure to
droplets on these surfaces forced a discontinuous jump to a reduced apparent contact
angle of 1300, which matches the Wenzel predictions for complete wetting.
More recently, carbon nanotubes have been coated to form super hydrophobic
surfaces with critical dimensions on the order of 50 nanometers [12]. The resulting
surfaces have a contact angle near 1700. Again, this measurement is in agreement with
the Cassie-Baxter predictions. However, the significant decrease in scale, thanks to the
use of carbon nanotubes, makes this super hydrophobic surface much more robust than
previous attempts. As mentioned above, droplets can be forced to completely wet the
sol-gel surfaces. The carbon nanotube surface, on the other hand, is robust to a droplet
falling onto the surface. Instead of completely wetting the surface and adhering, the
droplet stays on top of the tubes, bounces, and eventually falls off the surface.
A research group at Bell Labs used electron beam (E-beam) lithography to create
350 nm diameter posts, which were coated to produce super hydrophobic surfaces [13].
The authors claimed to have a contact angle of "~180'," but their images and plots
indicate actual numbers in the 170' range, similar to other super hydrophobic surfaces.
This study was unique in that they were able to electronically switch the surface between
complete and composite wetting conditions.
Clearly, the ability to change wetting conditions with surface structure has been
thoroughly studied, but questions remain nonetheless. For instance, manufacturing these
surfaces in a sustainable fashion has yet to be demonstrated. More importantly,
applications for super hydrophobic surfaces have only been hypothesized; comparatively
little research has focused on the use of super hydrophobic surfaces as opposed to the
creation of those surfaces.
iocompa tibili '
Biocompatibility is a crucial issue in the design of biomedical devices. Extensive
research is directed at finding or designing materials that behave favorably when
implanted in the human body I1]. Often within seconds of the initial contact, an artificial
material in the body is covered with proteins. These proteins trigger various systems that
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react to the foreign substance by attacking the foreign substance and eventually
surrounding it with a dense collagen capsule. This is the general sequence of events for a
material placed in the body. The reaction is different when the material is in contact with
blood, as is the case for stents, arterial grafts, and artificial heart valves. Material in
contact with blood is first inundated with proteins that trigger clotting in the blood.
Blood clots cause a number of problems with dire consequences such as increased
workload on the heart, separating clots that can plug smaller vessels, and complete
blockage of the blood flow. The ability to resist this adverse reaction while in contact
with blood is referred to as hemocompatibility and is major sub-category of
biocompatibility.
Describing the sequence of reactions that lead to blood clot formation requires
more details than can be presented here, so a simplified description is presented. For
more complete information, see Halkier [14]. Clotting is initiated by the activation of
proteins. The sequence of proteins, or clotting factors, is fairly intricate, but it starts with
four proteins: Factor XII, Plasma prekallikrein, Factor XI, and High-molecular-mass
kininogen (HMM-kininogen). These factors are activated when they come in contact
with a negatively charged surface. Once these four factors are activated, other clotting
factors are activated, eventually leading to platelet activation. Once platelets are
activated, they bind securely to the surface. The activated and bound platelets then
activate more platelets that agglomerate on the previously attached platelets to form a
clot. Flow conditions in the blood, such as shear rate at the surface and blood flow rate,
strongly affect the rates platelet adhesion [15,16]. The most important property of the
coagulation process for this research is that the protein activation reactions are surface
reactions that can only occur at the interface with another material [14].
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Chapter 3: Theory
Transition between Wetting Regimes
In order to use structured surfaces
for hemocompatibility, it will be
necessary to determine the wetting
regime (composite or complete) in which
a system is operating. A simple model
assuming vertical features with the
geometry shown in Figure 5 was
developed to determine what geometric
properties drive the transition from
composite to complete wetting. If the
pressure in the fluid is assumed to be
constant near the tops of the post, i.e. the Figure 5: Wetting model geometry.
effect of gravity is small over the length scales in this geometry, then the fluid forms a
circular section between the posts. The Bond number shows that this assumption is valid
as long as the largest dimension, w, is in the micron range. If the contact angle between
the vertical post walls and the fluid exceeds the equilibrium contact angle of the fluid on
that material, then the fluid will descend into the gaps [17]. From geometry, a given
contact angle determines the radius of the circle that connects two posts separated by a
known distance. Assuming that a one-dimensional structure, Laplace's equation for
surface curvature (equation 2) determines the pressure that a given radius of curvature
can support, thus the pressure that can be supported is a function of the contact angle and
the post spacing:
-2 y, cos(O)
This formulation is simple enough and successful assuming that features are one-
dimensional, but it is difficult to extend to the two-dimensional feature case because the
geometry gets much more complicated. Instead, it is easier to treat surface tension as a
line force to examine the two-dimensional case. In this method, the surface fluid surface
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Figure 6: Square posts, Figure 7: Circular posts, Figure 8: Circular posts,
rectangular array. rectangular array. hexagonal array.
exerts a force tangent to its direction at the solid-liquid-vapor contact line and
proportional to the length of the contact line. Again assuming vertical features, the
surface tension force can be resolved into the vertical direction as follows:
F = - cos(O) (8)
where I is the length of the contact line. This can be converted into a pressure by
dividing by the area of fluid that the force must support and multiplying by two because
there is one force acting on each side of the area. In the one-dimensional case that area is
1- w, which results in a supportable pressure, AP, of:
P -2 y-cos(O)
This confirms the one-dimensional case analysis, but this method is much easier
to extend to the two-dimensional feature case. Assuming that the features are square
posts (Figure 6) with side lengths, d, the supportable pressure is
-4 -y, - d -cos(O) (10)
w 2 +2-d-w
This result confirms the intuition from the curvature model suggesting that the
smaller the feature spacing the larger the pressure can be supported. The same trend
holds for other arrangements with slight deviations. For circular posts (Figure 7) with
diameters, d, in a square array the supportable pressure is
-7 y1 - d -cos(O)
w2 +2-d-w+ (i - d
For circular posts with diameters, d, in a hexagonal array (Figure 8) the supportable
pressure is
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- 2 y - d -cos(O)
AP = 3 (12)
w2 +2-d-w+(1 )- d2
Axiomatic Design of Biomedical Devices
The goal of this research is to develop surfaces for use in biomedical devices. In
this section an Axiomatic Design [4] decomposition is presented for a rather generic
biomedical device to illustrate where hemocompatible surfaces fit in the bigger picture.
Axiomatic Design (AD) is a powerful design tool that helps a designer make sound
design choices by focusing on explicitly satisfying the desired functions and illustrating
coupling between functions. In Axiomatic design, the designer chooses one design
parameter (DP) to satisfy each functional requirement (FR). The design parameters
should be chosen such that all of the functional requirements can be satisfied
independently; this is required by the independence axiom. The FRs and DPs are
represented as vectors and the design matrix is used to indicate the influence that the
design parameters have on the functional requirements. A diagonal design matrix
indicates that each DP influences only one FR. This is called an uncoupled design and
the FRs can always be satisfied independently. A diagonal matrix indicates that some
DPs affect more than one FR, but if the FRs are chosen in the correct order then they can
still be satisfied independently. This is called a decoupled design. A full matrix also
indicates that some DPs affect more than one FR, but in this case, there is no set order
that can guarantee that the FRs will be satisfied. This is known as a coupled design.
Both uncoupled and decoupled designs satisfy the independence axiom. For a more
detailed treatment of Axiomatic Design see Suh [4].
The top-level Functional Requirement (FR) and associated Design Parameter
(DP) for a biomedical device are:
FRO = Handle blood to perform a desired function.
DPO = Blood-handling biomedical device.
Clearly, these are fairly generic and there doesn't seem to be much difference
between the FR and the DP. It is typical for the language of high-level design parameters
to be very similar to that of the functional requirements they satisfy. This is because
design parameters at this level are not often one specific physical element of the design
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solution, but rather the name given to the collection of physical elements that to have to
satisfy the given functional requirement. At lower levels, however, the design parameters
become specific physical design elements as will be shown. The top-level design
parameter can be decomposed into the following FRs.
FRI = Perform specific device function
FR2 = Prevent blood coagulation on device surfaces
In this case, FRI is determined by the type of device that is being designed and is
introduced here to provide generality and to illustrate how hemocompatible surfaces fit in
a larger bio-medical device. In most blood-handling equipment, blood coagulation
degrades performance. Coagulation changes blood flow patterns, increases flow
resistance, and can cause measurement errors in some equipment. In implantable
devices, coagulation can have much more dire consequences, such as increased strain on
the heart or completely blocked blood flow. Thus it is clear that biomedical devices must
avoid as much coagulation as possible. In axiomatic design, and design is driven by its
functional requirements. In order for the resulting design to have a specific
characteristic, such as anticoagulation, that characteristic must be stated as an FR. A
solution cannot simply be tacked on after the design is complete when the missing
requirement becomes evident. This ad hoc design can lead to unforeseen interactions
device failure if the new function is not carefully examined. Early in the development of
biomedical devices, hemocompatibility was treated in this sort of ad hoc manner. FR2 is
introduced to eliminate clotting problems and the aforementioned consequences. There
may, however, exist devices that required blood to coagulate in order to meet their
purpose. Clearly, this research could not be applied to such devices, so their implications
on potential design decisions are ignored. In addition to these functional requirements
there is also one input constraint (Cl) on this design: that the device must be non-toxic.
These functional requirements and the input constraint can be satisfied by the following
design parameters.
DPI = Device Specific Design
DP2 = Hemocompatible Surface
The design equation for this level is as follows:
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FRI =[X 0 DPi
FR2 X X DP2
The coupling term between DPI (the device specific design) and FR2 (prevent
blood coagulation on device surfaces) is a result of the many ways that device design can
impact blood coagulation. For instance, the fluid flow through the device has a large
effect on platelet agglomeration rates. As shown in Wootton [15], an increase in the
shear rate of the blood flow leads to an increase in agglomeration. The reason being that
the increase in shear rate leads to an increase in the diffusion rate of platelets and protein
clotting factors through the blood bulk that, in turn, speeds coagulation. Additionally,
other device design elements may influence clotting rates, such as geometries that
encourage clotting at certain locations. While the details of what exactly in the device
design effects blood coagulation is not important in this decomposition, it is important to
note that coagulation should be considered when proceeding with the design of a specific
device to reduce magnitude of this coupling term as much as possible. Once the device
design is complete, the surface properties can be chosen to reach the desired coagulation
thresholds independent of the specific device design chosen. Equation 13 shows a zero in
the top right element of the matrix indicating that DP2 (the hemocompatible surface)
does not affect the system's ability to satisfy FRI (perform specific device function).
This is valid for devices that do not require specific surface properties, for instance, if a
certain surface chemistry was required to be in contact with the blood or devices
mentioned earlier that require coagulation to function. We will limit our considerations
to devices that do not place additional requirements on the surface properties.
DPI, the particular device design, cannot be decomposed further without
specifying a specific device requirement or class of requirements. In order to maintain a
generic design, only DP2 will be considered, which can be decomposed to:
FR21 = Reduce clotting reaction rates
FR22 = Reduce blood-material interaction
FR23 = Reduce clotting reagent supply
Blood coagulation is a series of chemical reactions and the goal of this design is
to slow the execution of those reactions. FR21, reduce clotting reaction rates, is the
obvious first choice to slow a set of reactions. The rate reduction can be achieved by a
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reduction in reaction driving force or by introducing enzymes that speed up the reverse
reactions. This is the method typically used to prevent clotting in patients today.
However, it is often achieved through the use of blood thinners that prevent clotting
throughout the entire body even when it is only a problem in one area. Additionally,
several of the blood coagulation reactions are surface reactions in that they cannot occur
in the bulk of the blood, but only at the interface where the blood touches the artificial
material. Therefore, if there is less surface area available on which the surface reactions
can occur, then the rate of coagulation should be slowed. This is the motivation for
FR22, Reduce blood-material interaction. Another way to slow a reaction is to restrict
the reagents of that reaction. Most of the reagents (protein clotting factors) in the blood
coagulation reactions are carried within the bulk of the blood. Additionally, the building
blocks of blood clots, platelets, are carried in the bulk of the blood. If these reagents can
be kept away from, or slowed on their way to, the surface where the reactions are
occurring, then coagulation will be further hindered. FR23, Reduce clotting reagent
supply, is introduced for this reason. These FRs lead to the following set of DPs:
DP21 = Biochemical clotting deterrent
DP22 = "Bed of nails" surface structured
DP23 = Low Platelet/Clotting factor diffusion rate near the device
This choice of DPs leads to the following design equation.
FR21 X 0 0 DP21
FR22 =0 X 0 - DP22 (14)
FR23 J 0 X X DP23
Equation 14 indicates that DP21, biochemical clotting deterrent, does not
influence FR22, reduce blood material interaction. This is not the case for all possible
design fitting this form, so this non-influence must be designed into the solution. In order
to do so, a system constraint can be introduced (C2) that the material on the top layer of
the surface must have an equilibrium contact angle with blood that is greater than 90' (i.e.
C2: the hydrophobic material). If this constraint were violated, capillary forces would
pull the blood into the surface structure and increase blood-material interaction, and thus
fail to satisfy FR22. The potential coupling term between DP21 and FR23, keep platelets
and clotting factors away from the surface, has not been thoroughly investigated. Here it
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is marked as a zero to indicate our design intent to find a biochemical clotting deterrent
that does not bring platelets and clotting factors to the material surface quickly.
Intuitively, it seems that a clotting deterrent that meets this requirement should be easy to
find, since a deterrent that violates this assumption would be a fairly poor deterrent to
begin with. Consequently, marking this interaction with a zero seems reasonable, even
so, once a clotting deterrent is chosen, this interaction should be verified. If this design
were taken to lower levels, it would be beneficial to keep this term zero, but a design
interaction here would not cause major problems, in that DP 23 could be used to
compensate for any inability to meet the requirements of FR23 without adversely
influencing FR21 or FR22.
Providing that the hydrophobic material constraint (C2) is met, DP22 does not
affect FR 21. The "bed of nails" surface structure (DP22) does, however, influence
FR23. This is once again due the influence of blood flow regime on platelet transport.
Changing the surface structure changes the flow boundary conditions, which will change
the shear rate in the blood flow (shown in later CFD results) and thus change the rate of
platelet transport [15]. The rate of transport is correlated to the shear rate of the blood
flow. Adding a bed of nails structure to the surface can be thought of as relaxing the no-
slip condition at the wall for the portions of the wall that is between the posts. This
would lead to a reduction in shear rate in the flow, so this interaction should work to slow
transport in the blood even more. DP23 is shown in equation 14 to not influence either
FR21 or FR22. These statements are once again statements of design intent. DP23 has
not been decomposed as part of this research, but if it were, only methods for slowing the
diffusion of platelets and clotting factor that do not influence FR21 or FR22 would be
considered. For instance, if platelet transport could be slowed by introducing a surfactant
to the blood that also made the blood completely wet the surface structure (i.e. made the
material-blood interaction look hydrophilic) then this would couple FR22 and FR23 and
violate the independence axiom.
This investigation focuses primarily on the geometric methods to reduce blood
coagulation, so the decomposition of DP22 is developed in detail. DP22 decomposes to
the following FRs:
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FR221 = Reduce contact area, 01
FR222 = Support specified blood pressure, (AP) with blood on top of the posts
As we saw in the development of the Cassie-Baxter rough wetting theory,
structure can only reduce the interaction between a fluid and the solid if the fluid is made
to sit atop the posts (i.e. operate in the composite wetting regime). In this design, the
blood must sit on top of the posts over the range of operating pressures for this device.
FR222, support a specified blood pressure with the blood on top of the posts, is included
to guarantee this behavior. Provided, that FR222 is satisfied, a reduction is surface area
will clearly reduce the blood-material interaction. This is the motivation for FR221. This
set of FRs can be satisfied by the following set of DPs:
DP221 = Small ratio of critical dimension of the posts to space between posts: E =
DP222 = Small space between posts: w
This level of the design is characterized by the following design equation.{ FR221 X 0 DP221
FR222 X X DP222 (15)
This is the leaf level of this decomposition branch, because we can now write
algebraic equations in place of equation 15. Call the required blood pressure in FR222
AP and call the required area reduction (percent of previous area) in FR221 Os. As in
Figure 5, call the space between the posts w and the critical dimension of the posts d.
The critical dimension of the posts would be the diameter for circular posts, the side
length for square posts, etc. As seen previously, the pressure that an array of square posts
can support is given by the following equation:
-4 - yl - d -cos(O) (16)
w 2 +2-d-w
This can be rewritten in terms of E as:
-4 - y, - E -cos(O) (17)
w -(1+2- E)
FR222 is therefore a function of DP221 and DP222 and thus, equation 15 shows a
coupling term between DP221 and FR222. From geometry, the area reduction, Os,
delivered by a surface with square posts is
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Es = (18)
For circular posts the area reduction is
E ) (19)0S4 E+I)
FR221 is clearly a function of DP221 only and therefore, equation 15 shows that there is
no coupling term between DP222 and FR221.
At this design level, another system constraint arises. The meniscus of the blood
on top of the posts must not touch the bottom of the structure, or the structure will wet
completely and FR222 will not be satisfied. This is incorporated into the design as a
constraint (C3) on the aspect ratio (h/w) of the spaces between the posts. Assuming that
the meniscus is a circular section, the aspect ratio of the spaces must be greater than some
minimum value, ARmin.
1-sin. (20)
-2cos6
DP21 is the method currently used on most biomedical devices to prevent
coagulation. There has been a volume of research conducted on the use of chemicals to
resist blood clotting [1,18]; some of this work is mentioned in the Background section
above. Because of the extensive research already being performed by others regarding
DP21, this investigation does not go into great detail regarding the decomposition of
DP21. That said, DP21 can be decomposed into the following FRs
FR2 11: Chemically resist clotting at the blood-material interface
FR212: Maintain all blood and cell functions away from the device
There appear to be two requirements to be satisfied in order to reduce the driving
force of blood coagulation near the blood material interface. One is to chemically resist
clotting at the interface (FR21 1) and the other is to maintain the blood and cell function
away from the device (FR212). FR211 is fairly obvious, but FR212 is often
compromised in the application of implantable biomedical devices. Typically, when an
implanted device is used in a patient, the patient must also take blood thinners to reduce
coagulation on the device. Unfortunately, these blood thinners reduce coagulation
everywhere in the body, which can cause problems, such as slow-healing wounds, or
dangers, such as internal bleeding. FR212 is included to eliminate this problem and
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similar problems with other blood or cell functions. These FRs can be decomposed into
the following DPs:
DP21 1: Controlled Nitric Oxide (NO) release
DP212: Local Anticoagulants Only
This decomposition leads to the following design equation:{FR2111 [X 0 DP211
FR212J [X X DP212 (21)
Controlled Nitric Oxide release is chosen for DP211 because it is known to resist
blood coagulation [19]. Additionally, NO can be released though PDMS, which is gas
permeable, so PDMS can still be used to satisfy the hydrophobic material constraint (C2).
That said there are many coatings, methods, and chemicals used to resist blood
coagulation [18-25] of which NO release is only one. Other techniques may offer better
performance than NO release, but it is included to illustrate one potential design. The
coupling term between DP211 and DP212 was not investigated, but it is possible that
slowing the clotting process near the device could influence clotting away from the
device if the NO is transported through the blood.
Table 1 is the master design matrix for this biomedical device. The master design
matrix is used to confirm that our resultant design is compatible with our previously
stated design intent. There are several off-diagonal couplings that need to be explained.
Table 1 shows that both DP221 and DP222 have coupling terms that influence FR23.
This is a result of the surface geometry changing the flow boundary conditions and thus
the platelet diffusion rate, as discussed earlier in this section. DP211 is also shown to be
coupled with FR23. This coupling term has not been investigated for NO, but it is
possible that the deterrent choice could influence the transport of platelets and clotting
factors in the bulk in addition to slowing coagulation at the surface. This coupling is
included as a guide to ensure that it is investigated more thoroughly as each design
requires. DPI is also shown to be coupled to FR23. This indicates that the design of
each device will strongly influence the transport of platelets and clotting factors in the
bulk of the blood. This coupling term could be due to required geometry changing flow
conditions or temperature changes affecting the diffusion rates. There are many
possibilities; however, they would be best investigated in connection with more focused
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designs. It is important to note that DPI, the device specific design, will likely determine
the value of the pressure, AP, that the surface structure must support (FR222), but it does
not influence the ability of the design to meet that pressure requirement. Consequently,
DPI is not coupled with FR211. Table 1 shows that this design is, indeed, compatible
with our design intent and satisfies the independence axiom.
DP1
DP21
DP211 DP21 2
DP2
DP22
DP221 iDP222
FR1 X 0 0 0 0 0
FR21 FR211 0 X 0 0 0 0FR 2 12 0 X X 0 0 0
FR2 FR 2 2 FR 2 2 1 0 0 0 X 0 0
FR222 0 0 0 X X 0
FR23 X X 0 X X X
Table 1: Master Design Matrix
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Chapter 4: Materials and Methods
Material Choice
After several unsuccessful materials were investigated (see appendix), Poly-
DimethylSiloxane (PDMS) was eventually chosen as the material in which to fabricate
test surfaces. PDMS is used extensively in microfluidics and BioMEMS. It is popular
because it can be quickly (curing times are about 2 hours, depending on the thickness of
the PDMS) manufactured into working micro-scale devices. PDMS can be structured by
casting features from a mold during curing in a furnace at 90'C. It has excellent feature
replication allowing devices to be cast with critical dimensions well into the nanometer
range. Additionally, PDMS is biocompatible and gas permeable making it an excellent
candidate for biomedical devices. As cured, PDMS is a hydrophobic material (0-107')
but oxidizing in air plasma can make PDMS hydrophilic.
PDMS Casting Procedure
The PDMS used in this study, Sylgard 184 (Dow-Corning, Midland, MI), arrives
in two containers, the polymer base and the curing agent. The first step in the casting
process is to mix the polymer base and the curing agent with a ratio of 10:1, base to
curing agent by mass. The two are then thoroughly mixed for a minute or two depending
the amount being mixed. Once the polymer is well blended, the mixture needs to be
degassed. This is done by placing the mixture in a vacuum and periodically releasing the
vacuum to burst the bubbles that rise to the top. Meanwhile, the surface to be cast must
be prepared. The surface is first cleaned with alcohol and then dried with nitrogen. The
sample is then coated with a chemical release agent called (Tridecafluoro-1,1,2,2-
tetrahydrooctyl) Tricholorosilane (Gelest Inc., Morrisville, PA). The silane is applied in
a vacuum. The surface to be cast is placed in a vacuum desiccator, the vacuum is cycled
with nitrogen a few times to clear out as many contaminants as possible. Then a few
drops of the silane are dropped into the vacuum chamber and the vacuum is drawn again
for at least ten minutes to allow the silane to completely coat the surface. Once the
surface is silanized, the PDMS mixture is poured over the surface. Everything is then
placed back into a vacuum chamber to draw out any air that entered the mixture during
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pouring. The vacuum also ensures that the PDMS mixture completely fills in all the
features of the mold. Once again, it is useful to periodically release the vacuum to break
the bubbles. When all the gas has been removed, the mold and polymer are placed in an
oven at 90C and leave it for approximately two hours. Once cooled, the cured PDMS
can be peeled from the mold and cut to size using a razor blade.
Investigation of the Lotus Effect
This research began with the investigation of the "Lotus-Effect" explained by
Wilhelm Barthlott 12,3]. He showed that the Lotus' famed resistance to soiling was a
result of nano-scale structures on the leaf
surface. Tulip leaves are known to exhibit
similar behavior to the lotus effect.
Droplets of water placed on the topside of a
tulip leaf shows a contact angle of 1300
(Figure 8), while a droplet on the bottom of
the leaf shows a slightly lower contact
angle around 110'. 5-pl droplets do not roll 40Gum
readily from the surface but slightly larger
Figure 9: Water Drop on the topside of
droplets roll very quickly on the top surface a tulip leaf.
of the tulip leaf, but
slowly, if at all, on the
bottom surface. The
difference between the
top and bottom surfaces
becomes clear after
examining
Environmental Scanning
Electron Microscope
(ESEM) images of
top (Figure 10)
bottom (Figure
the
and
11)
36
Figure 10: Top side of a tulip leaf imaged with an ESEM
surfaces. The bottom
surface is mostly smooth
with a patchy coating of
some kind. The bottom
side of the leaf, therefore,
must derive its
hydrophobic behavior
mostly from the material
properties rather than the
surface structure. The P s
topid o th laf onth 525 0 kV 3 0 5000x CASE 8 4 4 6 Torr UndersidE-topside of t e leaf, on the I "
other hand, is covered by Figure 11: Bottom Side of a tulip leaf image with an
a tangled forest of fine ESEM
hairs that provide the structure necessary to significantly modify wetting behavior. Water
rolls off the top of the leaf very easily which suggests that the water does not completely
wet the surface in between the hairs, but rather rests on top of the hairs. If the water were
to completely wet the hairs, it might be possible to achieve the same contact angle, but
removing the drop from the surface would require much more energy, which would result
in drops that do not roll when the surface is inclined. The inability to remove a single
hair made it impossible to measure the equilibrium contact angle of the individual tulip
hairs. Additionally, attempts to cast the tulip surface in silicone or PDMS failed because
of an inability to separate the cast from the tulip leaf. Consequently, it is unclear how
much the microstructure provided by the hairs improves the contact angle of the leaf, but
it clearly plays a roll.
Casts of Woven Materials
Fabrics were the inspiration for much of the early work in rough wetting theory,
so it is fitting that this investigation also involved woven materials. Weaving is an
effective way to produce fairly small periodic structures over a very large area. In a plain
weave, each strand alternates passing above and below the perpendicular strands. The
strands of a weave can be composed of a single fiber or several fibers can be spun
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together to form a yarn. If a single fiber is used, then the resulting weave is a square
array of holes approximately the same size as the fiber diameter itself. Casting off of
such a material yields a surface with an area fraction , of approximately 0.25. The
Wtave Fib mo T-Top. actual area fraction is usually slightly larger that
0.25 because the casting material penetrates to
the backside of the fabric and spreads slightly
form T-tops on many of the posts (Figure 12).
Both silicone aquarium sealant and PDMS were
Figure 12: Origin of T-tops in casts successfully cast using single fiber plain weaves.
of woven materials. Weaves that use multi fiber yarns yield many
different area fractions because the diameter of the yarn is not fixed. No multi fiber
weaves were tested due to the large scale that results from using many fibers in each
strand. Several other weaving methods, such as a Dutch weave, yield lower porosity
used for filtering or sieving, but the pores in these fabrics are often not perpendicular to
the fabric plane and therefore do not replicate well when cast.
Woven materials are easy produce over arbitrarily large areas. They also tend to
be strong and flexible enough to cast without difficulty. Typical plain weaves, however,
do not offer a drastic reduction in area fraction, but there are likely ways to reduce the
area fraction without compromising casting ease. For instance, weaving fibers with
oblong cross sections can lead to pores the size of the fiber's minor diameter and
obstructions the size of the fiber's major diameters. It may be possible to shrink the
pores of plain weaves by adding or manipulating material after the weave is made.
Producing woven materials with low porosity could enable the inexpensive fabrication of
large areas of super hydrophobic surfaces and thus should be pursued in more depth.
Surfaces from Photolithography
Photolithography is the manufacturing method used extensively in the
semiconductor industry that has been adapted to many other fields and spawned several
others. It is a process similar to photography, but instead of creating images from light,
photolithography creates physical patterns from light. In the photolithography process a
polymer, the photoresist, is exposed to light in certain areas as defined by a photomask.
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Those areas are either strengthened if the resist is negative or weakened if the resist is
positive. The resist is then developed in chemicals that remove the weak sections of
resist, leaving the pattern defined by the photomask. The height of the features created in
the photoresist is determined by the spin speed at which the resist was applied to the
substrate. Photolithography offers the ability to carefully control geometry at the micron
scale. Moving to smaller scales with photolithography is possible for large-scale
production, but it is too expensive and less robust in academic settings.
From the design decomposition above, it is clear that the desired geometry is a
sparse arrangement of slender posts. The photoresist used for such features must be
capable of relatively large aspect ratios and be strong enough to be used as part of the
device, rather than just as sacrificial layer for another process, such as lift-off or etching.
The resist chosen for this task was SU-8 2000 (Microchem, Newton, MA). SU-8 2000 is
a negative resist, so posts are made by exposing only the small sections that will become
posts. If a positive resist were used, making posts with large spacing would require
exposure of much more resist area, which could easily result in over-exposure.
Three chrome on soda-lime photomasks (Advance Reproductions, North
Andover, MA) were made, each with four 1-inch square patterned sections. Mask A has
four patterns each with 20-pm square holes in the chrome. The four patterns are square
arrays with periods of 100, 70.7, 57.7, and 50-ym. Mask B has two patterns with 15-pm
square holes in the chrome and two with 25-pm square holes. The 15-ym patterns are
square arrays of holes, one with a period of 75-pm and one with a period of 37.5-ym.
The 25-pm patterns are also square arrays of holes, but they have periods of 125-pm and
62.5-pm. Mask C has two patterns with 20-ym diameter circular holes and two patterns
20-pm wide lines. The circular patterns are square arrays of holes with periods of 100-
pm and 50-ym. The patterns with lines are one-dimensional arrays of lines also with
periods of 100-ym and 50-pm.
The process of making structures by photolithography is fairly involved. First the
substrate, 4-inch silicon wafers in this case, must be cleaned in preparation for applying
the photoresist. The wafers are cleaned in acetone, then rinsed in 2-propynol, and finally
dried with nitrogen. The wafers are then spin-coated with the desired photoresist. The
spin speed and the viscosity of the photoresist determine the thickness of the resist.
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Higher spin speeds and
lower viscosities reduce the
film thickness.
Immediately after coating,
the wafers are soft baked on
hotplates to evaporate the
solvent from the resist and
set the resist in place. The
soft bake is performed by
stepping the temperature up
and down to reduce thermal Figure 13: SEM image of SU-8 surface with 20pm post
stresses in the film. Each and a designed 4 of 0.04.
wafer is heated to 65'C for
a short period, then the wafer is stepped up to 95'C for a longer time before being
returned to 65'C for a minute or two and then being allowed to cool at room temperature.
After the soft bake, the wafers are ready to be patterned by exposure to light
through a photomask. SU-8 is designed to be exposed by wavelengths of light ranging
from 350 to 400-nm. Above this range, SU-8 is extremely transparent, but below 350-nm
the absorbance of the resist jumps dramatically giving rise to overexposure at the top of
the resist and T-topping. To eliminate this issue, a filter is used to eliminate all
wavelengths below 350-nm. A wafer is exposed by pressing it firmly against the
patterned side of the photomask and then illuminating the mask. After exposure, the
wafers are again baked, this time to selectively cross-link the resist activated by the
exposure. Again, to avoid thermal stresses the post exposure bake involves stepping the
wafer from 65'C to 95'C and back to 65'C before cooling at room temperature. Once the
resist has been selectively cross-linked it is developed by slowly applying PM Acetate to
the wafer for about ten minutes while it is spinning. Spraying 2-propynol on the wafer
stops development process and rinses any stray resist from the wafer. The wafer is then
dried with nitrogen yielding a patterned surface (Figure 13).
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Measuring Contact Angle
The goal of this work was to create surfaces that force fluids into the composite
wetting regime. In the absence of the ability to image the fluid surface interface to
determine the wetting condition, it is necessary to be able to infer the wetting condition
from easily observable phenomena. The apparent contact angle provides such a measure.
Given some knowledge of the surface geometry, (i.e. approximate values of O, and r)
Figure 3 and Figure 4 are used to find expected apparent contact angle ranges for both
possible wetting conditions, composite and complete. Generally, the predicted contact
angles were separate enough to determine in which regime the surface was operating.
However, when the knowledge of the surface geometry is poor, or it works out that the
predicted apparent contact angles are similar it becomes necessary to check the wetting
regime by checking the drop adhesion.
For the purposes of this work, precision in contact angle measurement was not
paramount. As such, the method used to measure contact angle was extremely basic.
Droplets to be measured were placed on the surface of interest and then imaged from the
side slightly above horizontal to ensure that the cusp of the drop was actually seen, rather
than the point where the front of the surface obscures the droplet. Fitting a tangent to the
drop at the cusp of contact allowed for rapid measurement of the apparent contact angle.
The tangents were fit by hand in real time and afterwards using the digital images of the
drop. The angles measured from the digital images were still created by fitting the
tangent by eye, and employed no image processing to determine the contact angle.
Consequently, the accuracy of the contact angle measurements is not very high,
approximately 5 degrees. This accuracy is not good enough to definitively say that one
surface is performing slightly better than another, but it is sufficient to be able to
characterize the trends described herein.
Biological Experimental Procedure
The blood clotting process is triggered by a group of parallel process with many
reactions occurring simultaneously that are collectively known as contact activation.
Since this investigation is meant to be a general investigation into the feasibility of the
use of surface structure to improve hemocompatibility, it would be folly to focus
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specifically on any one of the paths or proteins involved in contact activation. Instead, it
is advantageous to investigate the results of contact activation; that is the bonding of
platelets to the surface and then the continued agglomeration of platelets.
This method is preferable because platelet deposition is much easier to measure
than protein activation. Platelets are on the order of ~3pm in diameter, so they can be
counted with a SEM microscope and the number can be compared to a control.
The first step in the experiment is to draw the blood from a donor using sodium
citrate as an anticoagulant in the test tubes. The experiment must be completed within
four hours from this point, because platelets stop functioning four hours after removal
from the body. The blood is then placed in a centrifuge and spun at 1000 RPM for ten
minutes to separate the platelet rich plasma from the rest of the blood. The platelet rich
plasma is removed from the top of the centrifuge tubes and collected into one container.
A hemocytometer is then used to measure the concentration of platelets in the plasma. A
hemocytometer is basically a precision ground glass microscope slide with etched lines
such that a known volume of liquid fits inside each square of etched lines. Platelet
concentration can be measured by counting the number of platelets in several squares and
then averaging.
Once the platelet concentration is known, the plasma is diluted to 1.5x10'
platelets/mm3 using a phosphate buffer solution (PBS). The diluted plasma is then
applied to the surface being tested. The plasma is then incubated at 37'C for one hour
before being washed off with PBS. The samples are then soaked overnight in 2.5%
gluteraldehyde and saline solution to fix the platelets that have adhered to the surface.
The samples are then dehydrated with ethanol and allowed to dry. They are then coated
with 150A of gold to allow for viewing in the SEM with out surface charging.
Investigation of Dynamic Flow Conditions
All tests to this point have involved static fluids or droplets. The proposed uses
for this technology, however, involve dynamic fluid flows, which need to be investigated.
Professor Takashi Matsumura of Tokyo Denki University performed some computer
simulations of flow over posts. Two types of simulations were performed, one in which
the fluid is allowed to completely wet the surface structure during flow with all fluid
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boundaries be solid-fluid interfaces with a sticking boundary condition. The second type
of test allows the fluid to fluid to descend a fixed amount below the posts and the
interface at the base of this descent is a free surface boundary condition with a zero shear
boundary condition. This test was intended to simulate the composite wetting case where
the fluid does not fully descend into the surface structure. Each simulation was
performed with the best and worst performing geometry from the static tests. The best
geometry was a rectangular array of 20 pm square posts with a period of 100 pm and the
poorest performing surface was a rectangular array of 20 pm square posts with a period
of 50 pm. The Reynolds number for flow near the posts (using the post width as the
length scale) works out to be 3 or lower for the flow conditions in many human arteries.
This means that the flow is well within the laminar regime and that separation is not a
concern.
The key result from the computer flow simulations is that the small points of solid
interaction with the fluid tend to relax the sticking boundary condition typically applied
to solid-liquid interfaces. The fluid still sticks where it interacts with the tops of the
posts, but those points are so small and so sparse that the gross behavior of the flow is
such that the sticking boundary condition has been relaxed on average. This results in
very small regions of slow flow near the tops of the posts. Most of the flow is at a
relatively high speed with little shear. It has been shown that higher velocity flows
1 O[Lm
Figure 14: SEM image of
structured surface with height
gradient.
Figure 15: Confocal microscope image
showing areas with bacteria absorption.
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reduce blood coagulation [161 and that reducing shear rate in blood flow also reduces the
rate of coagulation [15]. Professor Matsumura tested the non-fouling properties of such
structured surface by testing the adhesion of bacteria to the surfaces when the fluid is
moving over the surface. This was examined by fabricating a structured surface with
very short posts in one region (A) and taller posts in another region (B) (Figure 14). The
surface is exposed to Lactobacillus gasseri in a flow moving over the surface and then
dried. The surface exhibits more bacteria absorption in region A with the short posts and
than in region B with the long posts when imaged in a confocal microscope (Figure 15).
The computational analysis over this geometry showed that the flow velocity near the top
of the posts is highest for tall posts and lowest for short posts. Thus, it is inferred that
bacteria have more trouble sticking to the surface where the flow velocity is higher.
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Chapter 5: Results
Super-Hydrophobic Behavior
The first step in developing hemocompatible surface structure is ensuring that
FR22 (Reduce blood-material interaction) is satisfied by the "bed of nails" surface
structure (DP22). For practicality, this is done with water until the surfaces perform
sufficiently well. The results are then verified with blood tests. This method assumes
and then verifies that the fluid behavior of blood is similar to that of water because blood
is composed mostly of water. As it turns out, blood and water have very similar contact
angles with all the materials tested in this study.
Casts of the nylon weave in silicone aquarium sealant were the first two
dimensional structures that were fabricated. These surfaces had an area fraction of
slightly greater that 0.25 in the areas where the cast separated properly from the mold.
With a flat surface contact angle of 100', the Cassie-Baxter theory predicts an apparent
contact angle of 1430. The actual surfaces had an apparent contact angle of 135',
significantly lower than the predicted value. This deviation is due to the fact that the
actual area fraction is larger than .25 as a result of T-topping and because the water most
likely descends just a little bit into valleys of the structure. A slightly larger area fraction
will yield a slightly lower apparent contact angle. Casting the same surface with PDMS
was significantly easier and
resulted in much more
consistent surfaces. The
predicted value for the PDMS
surfaces with roughly the same
geometry (0,=0.25) and flat
surface contact angle of 107'
was slightly higher at 145'.
The measured values wereBOO~uMu
again about 135' (Figure 16).
Figure 16: Water droplet on a PDMS cast of nylon Again, it is expected that the
mesh.
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measured value will
be lower than the p
predicted value due V
to a larger contact
area. Due to the
inaccuracy of the
measurement
technique used
(roughly t5') we
cannot confidently
differentiate between
the contact angles on
Figure 17: Two water droplets one on a flat silanized SU-8
the two casts of the surface (left) and one on a structured silanized SU-8 surface
nylon weave. (right).
To get a more accurate evaluation of the theoretical predictions, we created
surfaces with very controlled surface geometry using photolithography and SU-8
photoresist. Four surfaces were created and they were designed to have area factions of
0.04, 0.08, 0.12, and 0.16. The actual surfaces had slightly large contact areas, but
because the features were vertical posts, actual area fractions could be measured
accurately using an optical microscope. The surfaces were coated with
trichlorofluorosilane to give a flat
surface contact angle of 103'. The
actual contact areas along with the
predicted and measured contact
angles are shown in Table 2. It is
clear that the data match pretty
well with the predicted values.
We can reasonably say from this
that Cassie-Baxter theory holds for
the geometries tested. Figure 17
Figure 18: Water drop on a PDMS surface with
shows a droplet on the flat coated 03=0.04.
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surface next to a droplet on the surface with designed 0,=0.04 to illustrate the magnitude
of the change that can be attained simply by add surface structure.
In order to run the biological tests, the SU-8 Surfaces were used as molds to cast
new surfaces in PDMS with the same geometry, but with a flat surface contact angle of
1070. These surfaces also performed well with respect to the Cassie-Baxter predictions
(Figure 18). Again, the difference between the SU-8 and the PDMS structures cannot be
compared due the limitations of the measurement technique.
Surface Designed Measured Flat Surface Cassie Measured
, 0, Contact Angle Predicted
SU-8 with 0.04 0.06 1030 1620 1600
Silane Coating 0.08 0.12 1030 1540 1500
0.12 0.18 1030 1490 1450
0.16 0.25 1030 1430 1300
PDMS Casts of 0.04 0.06 1070 1630 1600
SU-8 0.08 0.12 1070 1560 1450
0.12 0.18 107" 1500 1400
1 0.16 0.25 1070 1450 1300
Table 2: Apparent Contact Angle Experimental Results
Blood Interactions
The first blood experiment was run according to the procedure specified above.
In this experiment, the platelet rich plasma was contained above the structured sections of
the surface by a frame made out of low-density polyethylene (LDPE). This arrangement
is shown in Figure 19. The experiment went as expected until the SEM images were
taken of the structured surfaces. Figure 20 shows a typical control sample. The platelets
are the 2-pm bumps that dot the surface and often appear white around the edges. Figure
21 is a typical SEM image of the
PDMS surface that has an area
fraction (0s) of 12 percent and
Figure 22 is a typical image of a
surface with an area fraction (OS)
of 16 percent. Clearly, these Framn Stru1tured Surface
surfaces are not an improvement PDMS PRP
on the flat surface. The individual Figure 19: Framed experimental setup.
47
Figure 20: Typical control sample tested
with frame.
Figure 22: Typical sample with 0,=0.16
tested with frame.
Figure 21:Typical sample with 0,=0.12
tested with frame.
Figure 23: Typical sample with 0,=0.04
tested with frame.
platelets may be difficult to spot amid all the other debris that has built up between the
posts. Even without direct platelet count, it is clear that surface fouling has not decreased
as a result of this surface structure.
Recall from earlier that these area fractions, because of their small inter-post
spacing, were the most robust in preventing water from completely wetting the surface.
Consequently, it would follow that they would be the most likely surfaces to show a
reduction in coagulation. This makes these results especially troubling. Interestingly, the
surface with an area fraction of (0s) 4 percent Figure 23 seems to perform better than the
denser surfaces that were more robust in early tests. It seems that the tops of the posts on
the sparse structure have fewer platelets than an equal area of from the control sample,
yet the spaces between the posts have more platelets than the control surfaces. The
hypothesis was that the sparser surfaces would perform better, than the dense surfaces
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and that all of the structured
surfaces would perform better
than the flat surfaces. The
apparent rearranging of the
performance hierarchy from that
of the hypothesis has especially
troubling implications for the
original motivation of reducing
blood fouling by reducing
contact area. Fortunately, the
problem was found in the
experimental design, not the
surface design.
In the process of
containing the platelet rich
plasma on top of the surfaces,
the LDPE frame must come in
contact with the surface structure.
S Frame 0 Structured user e
FgrDMS SR
Figure 24: Structure deformed by the frame.
Ea Fr"um N StutedSr
Figure 25: LDPE frame draws PRP into structure.
SFraine Smtured Surface
a PDMS 0 PRP
Figure 26: PRP completely wets the structure.
The pressure applied to the frame to seal in the plasma
deforms the structure as shown in Figure 24. LDPE is a hydrophilic material, so the
blood is drawn down into the structure at the edge (Figure 25). From earlier experiments,
it is clear that the composite wetting condition is only a meta-stable state of equilibrium.
Once the fluid is allowed to touch the bottom of the valleys, the energy barrier between
the composite wetting state and the complete wetting state broken and the fluid
completely wets the structure (Figure 26). A state that is apparently energetically more
favorable. At the edge of the frame, the plasma is drawn sufficiently far down into the
structure that it completely wets the entire structure. This behavior was observed with
water; once the water reaches the edge of the frames the water can be seen advancing
through the structure by microscope.
In order to ensure that the composite wetting condition is maintained, the same
experiment was repeated using drops of plasma instead of large amounts of plasma
contained by the LPDE frame. The drops sit on top of the structure thanks to the slightly
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lower hydrostatic pressure and the lack of the LDPE frame pulling the fluid into the
structure. The drops were placed in the center of each pattern. Smaller drops were used
for the sparsest structure (os=0.04) because large drops roll off the structure due to the
slight inclination of the surface. The PDMS samples were marked to ensure that the
SEM images were taken where the drops sat.
Figure 27 shows a typical SEM image of the flat surface experimental control.
The control samples in both experiments are very similar, suggesting that the application
of the plasma in drop form or in the frame does not seriously influence platelet
aggregation. Figure 28, Figure 29, Figure 30 and Figure 31 show typical SEM images
from the surfaces with area fraction of 4, 8, 12, and 16 percent, respectively. The tops of
the posts for the 4 percent area fraction surface are clearly very clean; several of the
images show a platelet on the top of the posts, but most are completely clear. SEM
images focused at the base of the posts, Figure 32, show some debris and the occasional
platelet, but significantly less build up than in the previous experiment. The denser
patterns show slight increases in platelet adhesion on the tops of the posts with little
change in the build up at the base of the posts. There was a large jump in platelet
aggregation on the top of the posts from the 12 percent area fraction to the 16 percent
area fraction.
The first experiment shows that an increase in contact area between the blood and
the surface increases platelet aggregation and general surface fouling. The results of the
second experiment show that the reduction in contact area between the blood and the
surface does reduce platelet aggregation. Despite the apparent failure of the first
experiment, it provided extra support for the hypothesis that drove this research.
The goal of these blood tests was to quantify the change in platelet adhesion
between flat and structured PDMS surfaces. However, several factors involved in the
experiments make any quantitative assertions suspect. For instance, the blood used in
each of the two tests came from different subjects. Even though the platelet rich plasma
was adjusted to a specified platelet concentration differences between samples could still
skew the results. Furthermore, only one surface sample was used in each test and the
area eventually cut out and examined in the SEM was fairly small. Dirt or other local
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anomalies in the samples could affect the results. Consequently, only qualitative results
can be taken from these experiments.
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Figure 27: Typical control sample tested
with a drop.
Figure 29: Typical sample with #,=0.08
tested with a drop.
Figure 31: Typical sample with 0,=0.16
tested with a drop.
Figure 28: Typical sample with 0,=0.04
tested with a drop.
Figure 30: Typical sample with #,=0.12
tested with a drop.
Figure 32: Typical sample with 0,=0.16
tested with a drop with image focused at
the base of the posts.
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Chapter 6: Conclusions
Structuring surfaces at a fine enough scale is shown to have a profound influence
on the behavior of fluid in contact with a surface so modified. The proper combination of
chemical surface properties and physical surface topography can lead to hydrophobic
performance that far outstrips the realm of possible performance with chemical property
modification or geometry modification alone. This work and many others have shown
that super hydrophobic surfaces are very much a reality, the question is what should these
surfaces be used for?
One potential use, derived from the naturally textured surface of the lotus leaf, is
to use a super hydrophobic surface as an anti-fouling surface. A more specific
application presented above is improving the hemocompatibility of a material by
reducing the degree to which blood coagulates on the material surface. This is subset of
the antifouling application that has often been mentioned in connection with super
hydrophobic surfaces but has not been thoroughly investigated. The aim of this research
was to prove whether or not the anti-fouling properties touted by super hydrophobic
surfaces do indeed translate into improved hemocompatibility. Blood clotting is an area
dependent process, just like particle adhesion, so it would follow that a reduction in
actual contact area between blood and the surface would reduce coagulation.
This was shown to be the case for surfaces with a critical dimension of 20pm with
static fluid in vitro. Platelet rich plasma (PRP) left on structured surfaces of
polydimethylsiloxane (PDMS) at body temperature for a fixed time resulted noticeably
less platelet adhesion than the case for PRP left on flat PDMS for the same period. The
platelet adhesion results were achieved qualitatively by examining scanning electron
microscope (SEM) images of the tested surfaces. The qualitative results are encouraging
enough to warrant further study with more precise experiments that could yield
quantitative results for confirmation of the mechanisms driving the apparent reduction in
platelet adhesion.
Additionally, structured surfaces are shown to reduce fouling by bacteria in
dynamic flow conditions. The dynamic flow tests were performed on surfaces with
critical dimensions of only 1pm. When imaged with a confocal microscope, the tested
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surface clearly showed less bacteria adhesion where the post structure was tallest. The
area fraction was not varied for this test. Computational simulations of the flow over this
surface showed a second driver for reduction in fouling of structured surfaces: increased
flow velocity. The structured surfaces effectively removed the sticking boundary
condition at the global scale. Locally, at the top of each post, the fluid still obeys the
sticking boundary condition, but averaging over the entire surface, the wall velocity
becomes non-zero. The small sections of sticking boundary condition are smaller than
the bacteria in question, so the bacteria can never be completely within low velocity flow.
A survey of hemodynamics and biocompatibility literature reveals that the
dynamic conditions that reduced bacteria adhesion should also reduce platelet adhesion
and blood coagulation. Blood coagulation and clotting has been shown to be more
prevalent in vessels with lower overall flow velocities [16]. Additionally, the relaxation
of the sticking boundary condition reduces the shear rate in the flow, which has been
reported to correspond to significantly less blood clotting [15]. Finally, the prospect of
having features smaller than the platelets, as was the case in the bacteria tests, may offer
further improvement of hemocompatibility beyond what has already been shown.
Future Work
The results presented herein are preliminary and prove that reducing fluid wetting
by modifying surface structure is a viable method to reduce blood coagulation.
However, there are several barriers to adopting this method in production devices. The
most important step is to verify that the proof-of-concept results described above in fact
translate to better device performance. This involves investigating some of the off-
diagonal elements that were assumed or not considered in the axiomatic design
decomposition. The most critical assumed relationship is at the highest level of the
design decomposition. That is the relationship between FRI: Perform device specific
function and FR2: Prevent blood coagulation on device surfaces. This investigation can
only be performed on a device-by-device basis.
There are also several issues that need to be addressed at lower levels in the
decomposition. For instance, the blood tests presented above show that even when blood
rests on top of the posts, there is still debris deposited in between the posts. This debris
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needs to be investigated more thoroughly. First of all, it is important to know exactly
what the debris is and how it got there. Is the debris coagulated blood or is it particles
that were suspended in the blood that has simply settled and fallen out of the solution? If
the debris is indeed coagulated blood, then it is important to know where it was formed
and how it ended up at the bottom of the posts. It could have been originally formed on
top of the posts and then fell off into the valleys, or it could have formed at the blood-air
interface and dropped into the spaces between the posts. Most importantly, it needs to be
determined whether the debris adversely affects the performance of the device, or if the
debris encourages further blood coagulation. If the debris came from the tops of the posts
and was washed into the valleys and has no adverse affects while in the valleys, then this
could be a very beneficial feature of structured surfaces. The valleys could act as a trash
bin in which unwanted contaminants could be deposited regularly so as not to affect
behavior at the blood interface. In the ideal case, this would lead to improved device
performance. This behavior would be analogous to the fact that undulated surfaces
reduce sliding friction between solid surfaces by providing a place to deposit wear
particles and remove them from the sliding interface. If the particles are allowed to stay
at the sliding interface, they grow and gouge into both surfaces increasing both wear and
friction [26-28]. If, however, these particles do hinder device performance, if would be
necessary to eliminate them in order to use these surfaces in biomedical devices. This
behavior would result in a coupling term between DP2: hemocompatible surface and
FRI: perform device specific function in equation 13.
If the debris found in the valleys is in fact coagulated blood, then it may be
possible to reduce it with the inclusion of DP12: biochemical clotting deterrent in the test
setup. The use of nitric oxide for this purpose has not been investigated in conjunction
with structured surfaces, but seems like a promising option. Using PDMS surfaces, it is
possible to deliver nitric oxide to the to blood by permeating it through the PDMS
surface. This would mean that a large percentage of the blood's surface area would be in
contact with a gas proven to reduce coagulation [19], while only a small portion of the
blood's surface area would be used to actually direct or support the blood flow.
Another worthwhile investigation is to determine if there is another scale-driven
regime transition in the blood coagulation process. It has been proven that there is one
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scale-driven regime transition in the fluid behavior of this system. This transition is the
difference between surface tension driven flow and gravity driven flow described in the
background section that occurs as the system scale moves below the hundreds of microns
range and it is the reason that this system is possible. It is possible that a similar regime
transition exists when the scale of the features decreases significantly below some
characteristic size of blood elements. For instance, platelets, the building blocks of blood
clots, are on the order of 3 microns in diameter. It would be interesting to see if
decreasing the post diameter significantly below 3 microns caused a large changing in
platelet adhesion. Neither the value or the existence of such a transition has been
investigated, but if there were such a transition, it would make hemocompatibility by
surface structure an even more appealing endeavor.
One final obstacle to implementation of surface structure to improve
hemocompatibility is developing methods to efficiently produce surfaces in the
appropriate shapes for particular designs. All of the methods used in this work were one-
at-a-time production processes. In order to viably produce these surfaces, the production
methods need to be improved so that they can continuously produce material.
Photolithography has been extensively automated for the semiconductor industry, but it is
by no means ideal for particular application. Photolithography can only produce surfaces
that are macroscopically flat, yet biomedical devices will require curved surfaces and
other complicated shapes. Additionally, photolithography can pattern an area only as big
a silicon wafer (currently 300mm in diameter). The self-assembly of aluminum oxide
was promising as it could be used to make surfaces over any area with any geometry that
could be made in aluminum, but replicating the structure proved difficult (see Appendix).
Developing manufacturing methods that can fabricate small features over a large area
should be one of the first problems tackled in the process of applying this work.
Fabrication methods do not need to be incredibly accurate in forming each feature, but
rather, they should be able to form features that are accurate on average.
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Appendix
Materials Other Than PDMS
One of the first questions during this investigation was what material should be
used to create structured hemocompatible surfaces. As shown in the Axiomatic Design
decomposition, the material must be hydrophobic and non-toxic to satisfy the constraints,
CI and C2. Additionally, the material must be able to accept surface structure at least in
the micrometer range and ideally in the nanometer range as well.
The first trials used Teflon (0-105' to 1090), as it was the most readily available
hydrophobic material. Patterning methods were not clearly available, but Teflon
provided the ability to test some of the basic principals behind the design decisions
detailed in the axiomatic design decomposition. Wrapping Teflon tape around
microscope slides and separating them with cover slips created extremely basic surfaces
with gaps on the order of 200-300 pm, significantly below the capillary length of water.
Since the gaps were well below the capillary length of water, these makeshift structures
supported water above the gaps as expected. Additionally, as water was added to the
droplets and they expanded over posts, the apparent contact angle changed as a result of
the changing area under the droplet. While the Teflon tape structures provide useful
confirmation, Teflon did not seem like a viable option for finer features because
fabrication proved difficult.
The second material tested was silicone aquarium sealant. Like Teflon, silicone
(0=103*) is hydrophobic, but it also offered the benefit of being a fluid that could be
cured into a solid form. This allowed for the casting of various structures into silicone.
Using glass microscope cover slips as a mold, 1-dimensional features were created, that
exhibited similar behavior to the Teflon wrapped cover-slip surfaces. Casts were also
made of plain weave nylon cloth and umbrella cloth. Despite some success, the use of
silicone proved too difficult to continue. The aquarium sealant is designed as an
adhesive, so it was far too difficult to remove the molds from cured silicone than was
practical for the fabrication of surfaces with very fine features. Even surfaces with
course features were challenging to cast leading to several failed casts for each successful
one.
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Nano-orous Aluminum Oxide for Surface Patterning
It is clear that reductions in structure scale below the 10s of micron level would
lead to decided improvement in wetting characteristics. In fact, several research groups
have already pushed super hydrophobic surfaces well into the nanometer scale [10-13].
The methods used to pattern surfaces at this scale are far too costly for extensive
application in production. Most nano-fabrication methods offer high precision over
extremely small areas (~mm 2). In order to form large areas, the smaller sections must be
stitched together, a process that is generally much less precise than the patterning within
one operating field. The application of nano-structured surfaces to super hydrophobic
behavior is insensitive to small variations over the surface, in this application;
performance is instead driven by average properties of the structure. As such, the
accuracy and precision requirements placed on nano-fabrication methods designed for the
semiconductor industry can be significantly relaxed in the search for nano-patterning
methods for super hydrophobic surfaces.
Self-assembly is one method that can offer performance over a larger scale than
direct write patterning. Anodic aluminum oxide is one example of self-assembly that
may be useful in creating large areas of super hydrophobic surfaces. When anodized in
sulfuric, phosphoric, or oxalic acid aluminum forms aluminum oxide on its surface with
fairly evenly spaced nanometer scale pores [29]. By changing the anodizing conditions,
the size of the pores can be controlled. The area over which the pores can be created is
only limited by the power of the anodizing system and the size of the acid bath, so it is
conceivable that areas measures in square meters could be created in industrial processes.
Pore size control in industrial production is sufficiently accurate to allow for aluminum
oxide to be used as filters with pore sizes as small as 0.2-nm.
In an attempt to make nano-scale patterned surfaces, these porous alumina filters
were used to mold PDMS. Unfortunately, the filters are extremely brittle and the pores
have very large aspect ratios (-80). As a result, the PDMS was impossible to separate
from the aluminum oxide without shattering the filter. Several methods were attempted
to reduce the penetration of the PDMS into the pores including heating the molds prior to
casting in an attempt cure the PDMS on contact and allowing the liquid PDMS to
partially cure before applying it to the mold. None of these efforts were successful.
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As it seemed like
fracture of the aluminum
oxide filters was the main
problem in replicating
porous aluminum oxide,
new molds were created by
anodizing aluminum in
house and leaving the
aluminum oxide on the
aluminum base to provide
strength during the molding Figure 33: Nano-porous aluminum oxide.
process. The makeshift
anodizing setup was able to deliver porous aluminum oxide (Figure 33) with fairly
regular pores; the pattern was still unable to replicate by casting. This is most likely due
to a combination of deep pores and non-vertical sidewalls that make removal of the
PDMS difficult once it has cured.
Though porous aluminum oxide was a very promising material, it turned out to be
far too difficult to replicate to be a practical fabrication method. Additionally, even
though the pore size was highly controllable, it did not seem possible to change the pore
spacing. Consequently, even if surfaces could be fabricated from theses pores, the
resulting area fraction, 0,, would be far too large to yield much performance. However,
there may be other methods to replicate the pores in aluminum oxide that would perform
much better than the method attempted here, so more consideration is definitely
worthwhile.
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